The impact that long-term changes in Earth's rotation axis relative to the surface geography, or true polar wander (TPW), and continental drift have had in driving cooling of high-latitude North America since the Eocene is explored. Recent reanalyses of paleomagnetic pole positions suggest a secular drift in Earth's rotation axis of ∼8 • over the last 40 Myr, in a direction that has brought North America to increasingly higher latitudes. Using modern temperature data in tandem with a simple model, a reduction in the annual sum of positive degree days (PDDs) driven by this polar and plate motion over the last 20 Myr is quantified. At sites in Baffin Island, the TPW-and continental drift-driven decrease in insolation forcing over the last 20 Myr rivals changes in insolation forcing caused by variations in Earth's obliquity and precession. Using conservative PDD scaling factors and an annual snowfall equal to modern station observations, the snowiest location in Baffin Island 20 Myr ago had a mass balance deficit of ∼0.75-2 m yr −1 (water equivalent thickness) relative to its projected mass balance at 2.7 Ma. This mass balance deficit would have continued to increase as one goes back in time until ∼40 Myr ago based on adopted paleopole locations. TPW and continental drift that moved Arctic North America poleward would have strongly promoted glacial inception in Baffin Island at ∼3 Ma, a location where the proto-Laurentide Ice Sheet is thought to have originated.
Introduction
The fossil record in North America shows evidence of a longterm secular cooling over the past 65 Myr. This cooling began at a time when much of Earth's climate was relatively warm and culminated in the glacial cycles of the Pleistocene. In contrast to the polar desert with sparse vegetation that exists today, 50 Myr ago flora and fauna in the northernmost islands of the Canadian Arctic Archipelago reflected the presence of a temperate climate with high rainfall (e.g., Francis, 1988; McKenna, 1980; Basinger et al., 1994) . Compilations of oxygen isotope (δ 18 O) values from benthic foraminerfera found in globally-distributed deep-sea cores also provide evidence of a global secular cooling trend throughout the Cenozoic (e.g., Zachos et al., 2001) .
Oxygen isotope values record changes in both deep-sea temperatures and ice volume (e.g., Shackleton, 1987) , and show relatively stable in comparison to the aforementioned decline (Pearson and Palmer, 2000; Pagani et al., 2005; Beerling and Royer, 2011; Zhang et al., 2013; Martínez-Botí et al., 2015) . Numerical modeling suggests that declining levels of atmospheric CO 2 could have been an important driving mechanism for Cenozoic glaciation of Antarctica ∼34 Ma (DeConto and Pollard, 2003) , and an intensification of Northern Hemisphere glaciation during the Plio-Pleistocene Transition (Lunt et al., 2008; Willeit et al., 2015) . A sharp decline in atmospheric CO 2 on the order of 100 ppm could have led to conditions favorable for glacial inception in North America through reduced radiative forcing during the Plio-Pleistocene Transition (PPT). However, whether such a decline occurred is difficult to establish with confidence given that different estimates of CO 2 spanning the same time period are uncertain to within at least 200 ppm (e.g., Pagani et al., 2010; Seki et al., 2010; Willeit et al., 2015) . As for the role of CO 2 in driving long-term Cenozoic climate change, a clearer link exists during the early Cenozoic when declining levels of atmospheric CO 2 were coincident with a long-term secular cooling trend. However, during the late Oligocene and Miocene, atmospheric pCO 2 was relatively low and stable during periods of both high-latitude cooling and global warming (Pagani et al., 2005; Zhang et al., 2013) . Tectonic processes are plausible candidates as drivers for climate change over long timescales, since these are inherently linked to mantle convection, a process that evolves over millions of years. Movement of the Earth's tectonic plates drives continental drift and sea-floor spreading, which reflect horizontal motions, as well as vertical displacements caused by rifting and orogeny. Mantle flow can also drive large-scale vertical displacements of the Earth's tectonic plates, known as dynamic topography (Hager, 1984; Mitrovica et al., 1989; Gurnis, 1992) . Changes in paleogeography could have had an important effect on the observed global cooling of Cenozoic climate by altering oceanic and atmospheric circulation (e.g., Raymo, 1994) . Tectonically driven events thought to be responsible for such changes include the opening of a circum-Antarctic seaway (Kennett, 1977; Lawver and Gahagan, 2003) and elevation of both the Tibetan-Himalayan and SierraColoradan regions (Ruddiman and Raymo, 1988) . In addition, uplift of the Tibetan plateau could have led to higher erosion rates, resulting in increased carbon sequestration and subsequent cooling of global climate (Raymo and Ruddiman, 1992) . Prior to the closure of the Indonesian seaway 3-4 Myr ago, a warmer eastern tropical Pacific and permanent El Niño state could have increased heat transport to North America through atmospheric teleconnections, inhibiting glaciation (Cane and Molnar, 2001; Huybers and Molnar, 2007) . The creation of the Isthmus of Panama during the Pliocene, and its impact on ocean circulation, have also been cited as a mechanism for Northern Hemisphere cooling and glaciation (Driscoll and Haug, 1998; Haug and Tiedemann, 1998) , however the significance and precise timing of these events remain highly contentious (Molnar, 2008) .
The mechanisms described above may have acted together to drive Cenozoic cooling, and numerical modeling has provided some insight into their relative importance. For example, Bradshaw et al. (2012) used a fully coupled atmosphere-ocean-vegetation simulation to examine the effect of changing paleogeography and atmospheric CO 2 concentrations in reproducing late Miocene climate. They found that while changing paleogeography did impact their results, atmospheric CO 2 concentrations at the higher end of the range of estimates were required to explain a warmer late Miocene climate relative to present-day.
In this paper we consider another process that has the potential to significantly alter climate, namely true polar wander (TPW), and focus on its possible role in the inception of North American glaciation. TPW refers to a motion of the rotation axis relative to the Earth's surface and it has a direct impact on climate by changing the latitude (and thus insolation history) of all points on the surface. This process has previously been proposed as a mechanism for secular cooling of North America during the Cenozoic (Donn and Shaw, 1977) , however paleomagnetic inferences of TPW from the 1970s (Jurdy and Van der Voo, 1975) suggested that polar motion, and its effect on climate, would have been minor since the beginning of the Cenozoic. In this paper we revisit this possible connection using a recently updated estimate of TPW since the Late Cretaceous and simple models of North American climate.
True polar wander and climate
In addition to changes in a planet's rotation axis in space (e.g., obliquity, precession), large excursions of the rotation axis relative to the surface geography are possible (Gold, 1955; Goldreich and Toomre, 1969) . This reorientation of the rotation pole, or TPW, results from any mass redistribution within the Earth system, and it occurs over a wide range of time scales. For example, ice age surface mass (ice plus ocean) flux, and the associated glacial isostatic adjustment of the solid Earth, drives TPW with time scales of 10 3 -10 5 yr (e.g., Sabadini and Peltier, 1981; Wu and Peltier, 1984) . This ice-age-induced polar motion is characterized by relatively small (∼0.1 • ) oscillatory changes in Earth's rotation axis, with no secular component (Chan et al., 2015) . In contrast, the redistribution of density heterogeneities within the Earth's mantle by thermo-chemical convection can drive large amplitude (>10 • ) oscillatory (Creveling et al., 2012) and secular (e.g., Spada et al., 1992; Ricard et al., 1993; Steinberger and O'Connell, 1997; Doubrovine et al., 2012) TPW with time scales of order 10 6 -10 9 yr. These excursions of the rotation axis have been inferred from paleomagnetic measurements and they have occurred throughout geological time (e.g., Van der Voo, 1994; Evans, 1998; Maloof et al., 2006; Mitchell et al., 2010) . Moreover, they have been linked to major changes in global climate and geochemical cycles (Hoffman, 1999; Li et al., 2004; Maloof et al., 2006) . Changes in the position of North America relative to the Earth's rotation axis through the Cenozoic result from both TPW and continental drift. The net direction of this motion brings North America increasingly poleward (e.g., Jurdy and Van der Voo, 1975; Besse and Courtillot, 2002; O'Neill et al., 2005; Torsvik et al., 2012; Doubrovine et al., 2012) . Early studies using climate models of varying sophistication (e.g., Donn and Shaw, 1977; Barron, 1985) concluded that the observed cooling of North American climate during the Cenozoic could not be explained by net changes in paleogeography alone. This result led Donn and Shaw (1977) to speculate that a larger contribution from TPW was required in order to explain the observed cooling trend. At the time of these studies, paleomagnetically inferred pole positions suggested TPW of less than a few degrees since 65 Ma (Jurdy and Van der Voo, 1975) .
In order to simultaneously estimate plate motions and TPW from paleomagnetic data, these data must be evaluated relative to a specific frame of reference. The analysis by Jurdy and Van der Voo (1975) adopted the hotspot reference frame which assumes that hotspots are relatively stationary with respect to the Earth's mantle (Morgan, 1972) . Using a recent compilation of paleomagnetic data that significantly increases the number of constraints on TPW , and an iterative analysis procedure that permits the drift of hotspots, Doubrovine et al. (2012) have inferred a secular drift in Earth's rotation axis of ∼8 • since 40 Ma in the so-called global moving hotspot reference frame (GMHRF; Fig. 1 ). Their estimated TPW path indicates a progressive displacement of the Earth's rotation axis toward Greenland over the last 40 Myr.
To better illustrate North America's changing location during the Cenozoic, paleogeography at 30 Ma in the GMHRF (including plate motion and TPW) relative to present-day is shown in Fig. 2 . The paleogeography shown depicts backward rotated and translated modern-day coastlines, and therefore includes features due to glacial erosion that would not have existed prior to the Quaternary. Notably, the Great Lakes, Hudson's Bay and the channels that separate the islands of the Canadian Arctic Archipelago (Dowsett et al., 2016) . This paleogeography reconstruction is consistent with the general consensus that North America has been moving poleward over the last 40 Myr (e.g., Jurdy and Van der Voo, 1975; Besse and Courtillot, 2002; O'Neill et al., 2005; Torsvik et al., 2012; Doubrovine et al., 2012) . Although the exact position of each paleopole in Fig. 1 has large uncertainty, the growing evidence that recent TPW has been of larger amplitude than previously thought indicates that the possible connection between plate motions, TPW and North American climate should be revisited. Indeed, a recent study has suggested that solid-Earth processes, including TPW, over the last 60 Ma may have contributed to the build-up of the Greenland ice sheet (Steinberger et al., 2015) . Our focus is the Canadian Arctic, the site of glacial inception of the massive Laurentide Ice Sheet (by far the largest of the North American ice sheets) at 3 Ma. In the following, we use modern climatological data in tandem with simple climate models to estimate TPWdriven changes in positive degree days (PDDs) for this region over the last 20 Myr. This metric allows us to directly compare the impact of TPW to other mechanisms that perturb the number of PDDs, such as changes in Earth's orbital parameters.
Modern climatological gradients
The formation of glaciers occurs when snow persists in the same location throughout the year. To achieve this positive mass balance, annual accumulation of precipitation must exceed ablation caused by positive temperatures. In order to investigate the effect TPW might have had on glacial inception in North America, we begin by examining modern climatological gradients in both temperature and precipitation. Daily temperature data are taken from a second generation homogenized dataset for sites in Canada (Vincent et al., 2012) and the Global Historical Climate Network (GHCN) (Peterson and Vose, 1997) for sites in the US and Greenland. Mean daily temperature values for both datasets are calculated by averaging maximum and minimum daily temperatures. Mean daily temperature data for the years 1950-2012 is then standardized to an elevation of 0 m using a constant lapse rate of 5.6 • C km −1 . This value was adopted by Kleman et al. (2013) in their study of Northern Hemisphere ice sheet formation, and it is consistent with calculated lapse rates for glaciers in the Canadian high Arctic, which are typically lower than average observed lapse rates in the lower troposphere of 6-7 • C km −1 (Gardner et al., 2009) . The standardized mean daily temperatures are then used to calculate the average annual sum of PDDs for sites with at least 30 yr of data, as shown in Fig. 3 . This annual sum is defined as:
where T d is the mean daily temperature. The annual sum of PDDs is commonly used as a measure of the influence of near-surface temperature on annual ablation (Braithwaite and Zhang, 2000) . As expected, there is a large increase in PDDs at progressively lower latitudes. To highlight this dependence, Fig. 4 shows the same average annual sum of PDDs as in Fig. 3 as a function of latitude, for sites between 60-90 • W. The red curve in the figure represents the least-squares polynomial of degree 3 that best fits the data. This range of longitudes coincides with the present-day location of Baffin Island in the Canadian Arctic Archipelago, its location highlighted by an asterisk in Fig. 3 . As we discuss below, there is evidence that the proto-Laurentide ice sheet originated within Baffin Island, and this motivates our focus on this location.
While PDDs increase as a function of decreasing latitude, changes in mass balance resulting from TPW could be affected by a coincident change in precipitation. Average annual snowfall (mm water equivalent (w.e.) thickness) for the years 1950-2012 is shown in Fig. 5a . Only sites that have at least 20 yr of data are shown (all sites in the Canadian Arctic have at least 30 yr of data). Data for Canadian sites is taken from the second generation Adjusted Precipitation for Canada (APC2) dataset (Mekis and Vincent, 2011) and for sites in the US and Greenland we adopt the GHCN database. Fig. 5b shows average annual snowfall data for all GHCN and APC2 sites located between 60-90 • W and above 40 • N (i.e., the same range of longitudes and latitudes shown in Fig. 4 ). The site with by far the greatest annual snowfall in Baffin Island is Cape Dyer, indicated by a red circle in Fig. 5b . Unlike changes in PDDs, changes in precipitation do not show a simple latitudinal dependence. As a first estimate of the effect of polar wander on mass balance (i.e., accumulation vs. ablation), we compare the range in values for average annual snowfall shown in Fig. 5b to Fig. 4 is 360 • C-day. Scaling factors that relate PDDs to ablation rates (in mm w.e. thickness), based on experimental observations, range from 3-8 mm • C −1 day −1 for snow and ice (Braithwaite and Zhang, 2000) . Using these scaling factors, we predict an increase in ablation of 1080-2880 mm w.e. by moving from 65-60 • N, which far exceeds any coincident increase in snowfall that might have occurred based on the range of values shown in Fig. 5b . This suggests that TPW will have a significantly greater impact on ablation than on snowfall (i.e., accumulation).
Insolation and summer energy
Forcing of Pleistocene glaciation through changes in orbital configuration is often characterized by quantifying radiation received over some portion of the year at a given latitude. Various conventions include averaging over that half of the year in which the most radiation is received (Milankovitch, 1941) , averaging insolation on a single day such as June 21st (Imbrie et al., 1992) , or summing insolation above a fixed radiation threshold (Huybers, 2006 ). Here we adopt the approach used by Huybers and Molnar (2007) of transforming insolation to temperature through the use of a simple, linear model and then calculating PDDs. In particular, the seasonal cycle of temperature is fit at each station i using a lag, L, sensitivity, S, and constant temperature, B:
where T i is the lagged daily mean temperature and I(d, φ i ) is the daily average insolation as a function of both day and latitude. Huybers and Molnar (2007) demonstrated that results from this model were comparable to those obtained by fitting an energybalance-model. They also argued that the relationship between temperature and insolation in Eq. (2), which was based on modern conditions, should hold to first order under different orbital configurations, since "variations in insolation are small relative to the mean and are concentrated at the seasonal cycle". We note that this model does not include climate feedbacks, however the importance of such mechanisms is reduced because we focus on conditions leading up to glacial inception. Thus, consideration of changes in surface albedo associated with ice sheet growth is obviated, although other feedbacks could amplify (or damp) responses, including those associated with seasonal snow cover, water vapor, and clouds (e.g., Jochum et al., 2012) .
Using the average of mean temperature for each day of the year (with no correction for elevation) at GHCN and Canadian sites north of 40 • N with at least 30 yr of data, we fit Eq. (2) to find values for L, S and B at each station (Fig. 6 ). The average cross-correlation between Eq. (2) and the average seasonal cycle smoothed to monthly resolution at each site is 0.99, while the average residual variance is 3.0. We then calculate the daily average insolation at each site (Berger, 1978) Fig. 7 . The difference in annual PDDs increases with increasing latitude, where obliquity-induced changes in insolation are the highest. We also see greater variability in PDD in the high-Canadian arctic, with values for sites in Baffin Island varying between ∼(150-250) PDD. Given that such changes in obliquity were evidently sufficient to transition between glacial and interglacial states during the Early Pleistocene (e.g., Imbrie et al., 1992) , when glacial cycles occurred at the obliquity period, this range provides a measure of the threshold in PDD that needs to be surpassed in order for glaciation of the Canadian Arctic to occur, and we return to it when we explore the possible impact of TPW on glacial inception in North America.
Glacial inception and mass balance
The Pleistocene ice age was marked by a long series of glacial cycles. At times of maximum glaciation, the Laurentide Ice Sheet reached as far south as 40 • N (Dyke et al., 2002) . Inception of the Laurentide Ice Sheet within each cycle is thought to have occurred in one of three locations: Keewatin, Labrador-Ungava and Baffin Island (Dyke, 2009) . There is strong evidence to suggest that Baffin Island must have played a particularly important role in the initiation of ice cover. For example, at present-day, the eastern coast of Baffin Island is characterized by high elevation and alpine mountains that are glaciated, and the topography trends lower toward the southwest. This topography leaves Baffin Island prone to glaciation, since a modest lowering of the present-day snowline by 300 m would encompass a large area of the island that is presently unglaciated (Williams, 1978) . Additionally, the absence of lichen in large areas of Baffin Island shows that a movement westward of perennial snow cover occurred during the "Little Ice Age" (∼300 yr ago) (Andrews et al., 1976) . This is noteworthy, since the little ice age snowline on Baffin Island is only 100-200 m higher than large plateaus of the Canadian Arctic to the west of Baffin Island. In addition, numerical simulations of varying complexity pinpoint Baffin Island as the initial site of glacial inception for the Laurentide ice sheet during the last interglacial to glacial transition, ∼115,000 yr ago (e.g., Williams, 1979; Otieno and Bromwich, 2009; Vavrus et al., 2011; Jochum et al., 2012) . We note that present-day Baffin Island was not separated from the main landmass by a waterway prior to the Quaternary, and was not an island at this time. Therefore, references to "Baffin Island" prior to the Quaternary refer to the area of land that now forms this island.
To model changes in PDDs at sites in Baffin Island over the last 20 Myr, we begin with values that were obtained by fitting Eq. (2) atures for the year at 1-kyr intervals over the last 20 Myr, and in turn use these temperatures to calculate an annual sum of PDDs. We then superimpose a change in PDDs as a function of latitude dictated by the red curve in Fig. 4 . The latitude of a given site as a function of time (including plate motion and TPW) is calculated using GPlates (www.gplates.org). Plate ID assignments and associated rotation poles used in the software are given by Müller et al. (2008) , and these have been modified to include TPW in the GMHRF assuming the paleopole positions shown in Fig. 1 . The choice to use values in Eq. (2) calculated for modern-day station locations, and then superimpose a change in PDDs as a function of latitude was motivated by the complex spatial structure of values for both S and L, which do not show a simple latitudinal dependence. This result is expected, since the influence of solar radiation on the annual cycle of surface air temperatures depends on a number of factors which include a site's proximity to land or ocean and atmospheric circulation patterns (e.g., North et al., 1983; McKinnon et al., 2013) . We note that we also calculated changes in PDDs at sites in Baffin Island over the last 20 Myr using Eq. (2) and insolation values that varied as a function of both time and paleolatitude of a given location. For this exercise, we assume modernday values for both S and L, however we impose a change in B as a function of latitude. Although there is also a complex spatial structure associated with values for B, we generally expect cooler temperatures at higher latitudes, and therefore fit a linear trend which records the highest average annual snowfall in the region (∼700 mm w.e.), are shown in Fig. 8 . To best demonstrate the potential significance of TPW, we choose this station as it is where it would be most difficult to achieve a negative mass balance caused by a change in paleolatitude. Values for PDDs in Fig. 8a are for the response at Cape Dyer to the full insolation variability plus the effects of TPW. A trend in the minimum value obtained across multiple orbital cycles is also indicated (blue curve), and highlights how TPW moves the system closer to a threshold for glacial inception. The magnitude of this TPW-induced trend in minimum PDDs over the last 20 Myr surpasses the ∼160 • C-day change in PDDs between Earth's high-and low-obliquity conditions (Fig. 7) and nears the ∼400 • C-day range induced by the combination of obliquity and precession variability when eccentricity is large (Fig. 8a) . These orbital benchmarks indicate that TPW could play a firstorder role in priming the system for glaciation. Minimum values for PDDs shown in Fig. 8a were used to calculate the mass balance shown in Fig. 8b . In calculating the mass balance, we assume a conservative PDD scaling factor of 3 mm • C −1 day −1 and an annual snowfall equal to modern station observations. Zero mass balance (i.e., annual ablation is equal to total annual snowfall) is indicated by a red line in Fig. 8b . With these values, we find a negative mass balance in Cape Dyer at 20 Ma that is ∼0.75 m/yr (w.e.). This value depends on the ablation scaling factor used, and a mass balance deficit of ∼2 m/yr (w.e.) relative to 2.7 Ma is found for 8 mm • C −1 day −1 . While there is uncertainty associated with the PDD scaling factor used, calculated mass balance deficits at 20 Ma are large relative to the present-day annual precipitation received at this station of ∼700 mm w.e. It is important to note that while only the last 20 Myr are shown, mass balance deficits would have increased until at least 40 Ma based on the paleopole positions in Fig. 1. 
Conclusions
Our simple models find that even a modest rate of TPW (∼0.2 deg/Myr) in tandem with plate tectonic motion would have resulted in cooling that contributed significantly to glacial inception in North America at ∼3 Ma. The snowiest location in Baffin Island at 20 Ma had a mass balance deficit of ∼0.75-2 m/yr (w.e.) relative to its projected mass balance at 2.7 Ma. While we have focused our study on sites in Baffin Island, the entire North American continent would have been affected by TPW in a spatially dependent manner.
Climate change driven by TPW would work together with other mechanisms that prime the system for glaciation, such as reductions in atmospheric CO 2 (Lunt et al., 2008; Willeit et al., 2015) or changes in ocean circulation (Cane and Molnar, 2001; Huybers and Molnar, 2007) . Despite their potentially having disparate time scales, CO 2 , ocean, and tectonic processes may together bring the system near enough to a threshold for glaciation whereby favorable orbital conditions would activate positive snow and ice-albedo feedbacks (e.g., Jochum et al., 2012) . Another possibility is that changes in atmospheric circulation played a role. In this regard, the southern drift of Alaska and the Russian Far East (Chukotka) away from the polar region, and the contemporaneous northward migration of the Canadian Arctic, may have had significant effects on atmospheric circulation and snowfall rates on Baffin Island. Exploring this issue will require more sophisticated climate modeling; this is beyond the scope of the present study, but will be the subject of future work. Such modeling should also explore the issue of why regions such as Alaska and the Russian Far East appear to have been ice free prior to their southward migration.
An independent study has recently suggested that solid-Earth processes, including TPW, over the last 60 Ma have led to conditions favorable for the build-up of the Greenland ice sheet (Steinberger et al., 2015) . The effect of these processes on regional temperatures or glacial mass balance in Greenland have yet to be quantified, but our results suggest that the impact of TPW could have been significant. In any event, this article, together with the present study, highlight the important role that long-term processes linked to mantle dynamics might have played in shaping Earth's climate over millions of years.
